Background: The ability to perform objective pain assessment is very important in paediatric patients. The goal of this study was to investigate the relationship between the analgesia nociception index (ANI), which is based on the heart rate variability, and objective measurements of pain intensity in young or cognitively impaired children, after surgical or imaging procedures (control group) under general anaesthesia. Methods: On arrival in the recovery room and subsequently at 5-10 min intervals, the level of pain was rated using the FLACC pain scale (0-10). The ANI values (0-100; 0 indicating the worst pain) were recorded simultaneously. The area under the receiver operating characteristic curve (AUC) and grey zone approach were used to evaluate the performance of the ANI to detect patients with FLACC >4. Instantaneous ANI values were compared with ANI values averaged over 256 s periods of time. Results: All children in the surgical group (n=32) developed moderate-to-severe pain (FLACC >4). Children in the control group (n=30) exhibited minimal pain. Instantaneous ANI values were lower in children of the surgical group than in the control group [52 (16) vs 69 (16), P<0.001]. The AUC for the 256 s ANI recording period [0.94 (95% confidence interval 0.85-0.99)] was significantly higher than for instantaneous ANI (P<0.05). When measured for a period of 256 s, an ANI cut-off value of 56 (grey zone [58][59][60]) was most predictive of a FLACC ≥4. Conclusions: The ANI may provide an objective measurement of acute postoperative pain, which is correlated with that measured on a FLACC scale in young or cognitively impaired children.
necessary, because no individual scoring system will be appropriate for pain assessment for all children and in all contexts. 11 Recently, several monitoring tools have been developed to provide a better evaluation of pain and analgesia in anaesthetized and awake patients. 12 One of them, the analgesia nociception index (ANI, Physiodoloris™; Metrodoloris, Loos, France) is a non-invasive tool based on the analysis of the respiratory fluctuations of heart rate that mainly reflect the variability in the parasympathetic tone. 13 The ANI monitor records the ECG signal continuously, enabling a quantitative assessment of the respiratory variability of heart rate, which decreases during a nociceptive stimulation. 14 The majority of studies assessing the ANI have been performed in adult patients under general anaesthesia 13 or in the immediate postoperative period 15 and have
shown that the measurement of ANI was significantly correlated with pain intensity. To date, very few data are available regarding the usefulness of ANI in children, and those data that are available were obtained in children during surgery under general anaesthesia. 16 17 The goal of this prospective observational study was to investigate the relationship between ANI measurement and postoperative pain intensity in young or cognitively impaired children during recovery from general anaesthesia.
Methods
After approval by the Institutional Review Board (Comité de Protection des Personnes Ile-de-France VI) and written informed consent, children who had undergone elective surgery associated with moderate-to-severe postoperative pain, and for whom analgesia with morphine titrated i.v. was planned, were included in the experimental group. Patients were recruited if they were aged <7 yr or if they had a communication disability that would prevent self-rating-based pain assessment. Children <7 yr of age or cognitively impaired, who were admitted to the postanaesthesia care unit (PACU) after medical imaging procedures (without any painful stimulus) under sedation or general anaesthesia, were included in the control group. Exclusion criteria included dysrhythmia, autonomic neuropathy, and administration of atropine, neostigmine, β-blockers, ketamine, or clonidine during the surgery or imaging procedure. Children who received any form of regional anaesthesia were not considered for inclusion; otherwise, the study protocol did not place any other restriction on the anaesthetic technique. During surgery, multimodal analgesia was provided with a combination of paracetamol, ketoprofen, or both, and morphine as required, according to our standard practice. 18 The study began upon admission to the PACU (Fig. 1) . Pain intensity was assessed by the PACU nurse, using the FLACC behavioural observational scale (0-10) at the time of admission and every 5 or 10 min thereafter. 19 The PACU nurses were unable to see the ANI values displayed on the monitor. The FLACC score, which assesses pain based on five criteria (facial expression, leg position, degree of activity, quality of cry, and consolability) is used in children who are unable to report a pain score. 19 The revised FLACC was used in children with significant neurological impairment. 20 21 Noxious stimulus can induce sympathovagal imbalance. Heart rate variability measures the cardiac autonomic activity non-invasively and can detect autonomic responses to noxious stimuli in patients. The ANI is based on ECG data and is computed from a frequency domain-based analysis of the highfrequency component of heart rate variability (high frequency, 0.15-0.5 Hz) corresponding to parasympathetic tone, using a wavelet transform-based numerical filter, and also includes the respiratory rate as a potential confounding variable. The algorithm used for ANI computation has been described previously. 13 22 The ANI, expressed as a numerical value between 0 and 100, is continuously displayed on a specific monitor (PhysioDoloris monitor; MetroDoloris™, Loos, France).
The ANI values were stored on a hard drive in ASCII format. Event markers, such as first pain assessment yielding FLACC ≥4 and administration of morphine, were stored in the same file. Heart rate (HR), mean arterial pressure (MAP), and respiratory rate were collected from the patient PACU monitor at the time of pain assessment.
Data were recorded with the child recumbent; the parent was invited to stay nearby. Attempts were made to minimize noise and disturbance in the PACU, which is a 12 bed open space.
Editor's key points
• Objective methods to assess pain in children may help to direct postoperative pain control.
• The analgesia nociception index (ANI) is a non-invasive technique to measure autonomic variabilty.
• The predictive value of the ANI is assessed for identifying postoperative pain in children.
• The ANI was useful in predicting postoperative pain, but needs further study in children. 
Statistical analysis
The ANI data were tested for normal distribution by means of the Kolmogorov-Smirnov test. For the comparison between patients of the surgical and control groups, Student's t-tests, MannWhitney U-tests, and χ² tests were performed where appropriate. Correlations between ANI and FLACC measurements were tested using the non-parametric Spearman rank test. A sample size of 58 patients was estimated to detect a clinically relevant difference of 15 ANI points between mild pain (FLACC ≤3) and moderate-to-severe pain (FLACC ≥4) with 80% power and an α error of 5%, based on an estimated ANI standard deviation of 20, as observed in the study by Sabourdin and colleagues. 17 To investigate the ability of the ANI to discriminate children with moderate or severe pain (FLACC ≥4) from children with mild or no pain (FLACC ≤3), receiver operating characteristic (ROC) curves were built with single and serial ANI measurements. Instantaneous (single) ANI measurements were collected at the time of pain assessment. Serial ANI measurements were collected over a 256 s period and averaged over time, in order to account for their fluctuations. Cut-off values were determined as values maximizing Youden's index (J), where J is the difference between the true-positive rate and the false-positive rate. Maximizing this index enables the optimal cut-off point to be found from the ROC curve. 23 Areas under the ROC curves (AUC-ROC)
were used to determine which among instantaneous or 256 s period ANI measurement is the most accurate for predicting moderate-to-severe postoperative pain. The AUC-ROC were compared using a non-parametric approach. 24 The grey zone corresponds to a range of values for which the variable of interest does not provide conclusive information. Inconclusive responses are defined for ANI values with sensitivity lower than 90% or specificity lower than 90% (diagnosis tolerance of 10%). 25 26 Grey zone limits are expressed as [low limit-high limit].
Results are expressed as mean (sd), median [95% confidence interval (CI)] or number of patients (%), as appropriate. The threshold for statistical significance was set at a P-value of 0.05. Statistical analyses were performed using MedCalc for Windows, version 12.7 (MedCalc Software, Ostend, Belgium).
Results
Thirty-two patients, of whom 15 had cognitive disability, were included in the surgical group and 30 were included in the control group, 12 with cognitive disability (Fig. 2) . Patient characteristics are presented in Table 1 . All children of the surgical group developed moderate-to-severe pain after admission to the PACU, achieving FLACC ≥4 after a median of 28 min (95% CI 5-100 min). In contrast, children of the control group exhibited no pain or minimal pain throughout the observation period (Table 2) . Children in the surgical group had normally distributed ANI recordings, centred at a value of ∼50, and remaining <60 for >75% of the time. In contrast, children in the control group spent most of the time with ANI recordings >60. Cardiorespiratory data collected at the time of pain assessment did not differ between the surgical and control groups ( Table 2 ). The ANI values, both instantaneous and averaged over a 256 s period, were significantly lower in children of the surgical group compared with the control group, being respectively 52 (16) 
Discussion
The main result of this observational study is that the relative parasympathetic tone, as assessed by ANI monitoring, is consistently related to pain intensity during the recovery phase after procedures under general anaesthesia in children. This suggests that ANI may constitute a sensitive and useful indicator of the antinociception-nociception balance in awake paediatric patients. Self-assessment pain scales express a subjective experience of nociception that cannot be acquired in young children. Children younger than 5-7 yr of age cannot provide meaningful self-reports of pain intensity, because they may have difficulty in focusing on more than one dimension of a target at this stage of their cognitive development. 27 28 In addition, young children who are not regularly attending school are not used to being asked questions by strangers and have a marked tendency to use only the extremes of scales, treating the scale as dichotomous rather than graded. 28 Furthermore, whatever the age, self-reports of pain intensity are an oversimplification of the complexity of the experience of pain. Nonetheless, pain scores are central to our ability to evaluate and titrate pain relief; 9 28 therefore, there is a need for an objective pain-assessment tool that is not influenced by cultural, comprehension, or communication issues in children, especially in infants, because inadequate assessment of pain intensity may lead to analgesia that is delayed or inadequate, or both. In contrast, regular measurement of pain intensity improves pain management. 9 28 The ANI is a 0-100 non-invasive index, calculated from heart rate variability analysis, which provides a continuous measurement of the parasympathetic tone as a surrogate for the analgesia-nociception balance, with high values corresponding to maximal parasympathetic activity (analgesia) and low values corresponding to sympathetic activation (nociception).
14 It has been demonstrated that the respiratory variability of heart rate decreases in response to painful stimuli in adult patients under general anaesthesia. 13 29-31 More recently, the ANI has also been used to evaluate pain in awake surgical patients 15 32-34 or in parturients during labour. 35 The results of these studies showed that the ANI had an inverse linear relationship with pain scores and might be predictive of immediate pain intensity in the recovery room.
15 α 2 -Adrenoceptor agonists, such as clonidine or dexmedetomidine, can induce changes in ANI independently from pain and nociception, because their sympatholytic properties may be responsible for reductions in the systemic sympathetic tone; therefore, children who had received clonidine were excluded from the study. Dexmedetomidine was not available for use in our hospital at the time of the study.
Very little has been published regarding the usefulness of the ANI in children. The ANI has been found to provide a more sensitive assessment of nociception in anaesthetized children than haemodynamic parameters or skin conductance. 17 In addition, the ANI proved to be useful in assessment of the efficacy of regional anaesthesia in children anaesthetized with sevoflurane. 16 As far as we know, ours are the first data regarding the usefulness of the ANI in the postoperative period in children.
There are limitations to this work. First, the number of patients included in this study may appear small; however, the measurements still yielded statistically significant variations during the postanaesthesia period. Second, the selected population, especially with respect to age (children <7 yr), co-morbidities (ASA I-II), and cognitive function, represents a relatively small proportion of patients seen in our daily practice, so that these results cannot be extrapolated to all patients requiring anaesthesia. Nonetheless, these are the children in whom pain assessment can be the most challenging.
In summary, single ANI measurements perform poorly in predicting moderate-to-severe postoperative pain, relative to conventional behavioural assessment, because 16% of the time a control patient will have ANI measurement below the threshold. However, with 87% sensitivity and 84% negative predictive value, the single ANI measurement may still constitute a simple noninvasive screening test. Furthermore, serial ANI measurements over a 4 min period are more accurate, with 93% specificity and 93% positive predictive value, in predicting moderate-to-severe postoperative pain in children.
It remains to be determined whether the ANI monitor, with graphic display of measurement trends over time, could be used by PACU nursing staff to guide the administration of morphine i.v. for postoperative pain relief. 
